Abstract A respiration rate (RR) model based on Peleg's equation was developed for predicting RRs of fresh cut papaya. Respiration data for fresh cut papaya at 3/4 maturity were generated at temperatures 5, 10, 15, 20, 25 and 30 o C using a closed system. RRs was found to be significantly influenced by storage temperature and increased from 0.021 to 0.289 mL[O 2 ]/kg·h and 0.063 to 0.393 mL[CO 2 ]/kg·h as a function of O 2 and CO 2 gas concentrations, respectively. Peleg's constant K 1 and K 2 were obtained from linear regression analysis using GraphPad Prism 5.0 software and regression coefficients have good fit with values close to unity. The model was verified to assess the capability of its predictability of the RRs over the temperatures. There was good agreement with the experimentally estimated RRs. Information derived from the model can contribute in the design of successful modified atmospheric systems for storage of fresh cut papaya.
Introduction
Currently, the market for fresh cut fruits and vegetables has been rising significantly. This is due to changing trends in lifestyle, importance for health, and healthy alternatives available in restaurants (1, 2) . The primary products in this type of market include melons, apples, grapes, pineapples, and combination fruit cups. Watada et al. (3) and Guerzoni et al. (4) , had noted that fresh cut products are more perishable than intact vegetables because they have been subjected to shredding, trimming, and coring. Proper storage temperature and atmosphere of fresh cut product must be taken into consideration as fresh cut produce is perishable and easy to spoil. The information on suitable storage conditions is useful as a starting point in the design and testing of modified atmosphere packaging (MAP) for fresh cut fruit products (5) .
Respiration and respiratory parameters of fresh-cut fruits are major issues that need to be considered during storage and transportation. Fresh cut respiration rate, as well as response to atmospheric modification, is affected by many factors, among which storage temperature, exposure of fruits in storage, and oxygen partial pressure exert the strongest influence. Other external factors are the concentrations of O 2 and CO 2 . Respiration is slowed down by decreasing available O 2 as a consequence of reduction of overall metabolic activity (6, 7) . Hence, the storage temperature and composition of storage air are major external factors, which can be manoeuvred for long term storage of fresh-cut fruits.
Modelling respiration rate of fruits at different storage temperatures including gas composition is a convenient way to assess the respiratory kinetics of the storage system and to predict respiratory quotient. Many models have been developed for the prediction of respiration kinetics of fresh fruits and vegetables under different storage conditions (6, (8) (9) (10) . As preparation of fresh cut fruits causes rupture of cells which induces higher physiological responses, modelling the respiration of fresh-cut produce separately is thus of special importance (11) . Even cutting direction (transverse versus longitudinal) of ice-berg lettuce has a significant effect on the respiration rate and release of volatile compounds (12) . Helena Gomes et al. (7) reported that the respiration of packaged fresh-cut 'Rocha' pears was affected by temperature and oxygen concentration, and observed that the best fit model was an exponential function. A multivariate respiration model for fresh papaya based on regression and artificial neuron network has been reported by Wang et al. (13) . However, there was a lack of information in the literature on modelling the effects of storage temperature and exposure time on respiration rates in fresh-cut papayas. Therefore, this study was designed to determine the effect of different storage temperatures on the respiration rate of fresh-cut papaya cubes and develop a model for predicting respiration rates of fresh cut papaya cubes using a closed system.
Materials and Methods
Sample preparation Papayas at the 3/4 ripening stage were purchased from a commercial store. The selection of the ripening stage was based on visual observations on colour, shape and free from any physical damage (14) . Selection was also made based on uniform size and weight. In addition to these selection criteria, TSS and acidity of the papaya flesh were determined and papayas having relatively close values were used in the respiration experiments. The fruits were washed with tap water to remove adhering dirt, and excess water was removed by blotting with tissue paper. Next, the skin of the fruits was carefully peeled using a sterilized sharp knife. The peeled papayas were cut into two equal halves longitudinally to remove seeds prior to dicing into cubes weighing approximately 10 g each.
Gas exchange measurements The respiration rate i.e., the rate of oxygen consumption and CO 2 production by fresh cut papaya fruit tissues was determined using a closed system (6, 10) . The closed system consists of an air tight glass jar with a lid. The changes in O 2 and CO 2 concentrations within it were monitored. Parafilm was used to seal the gap between the lid and jar to ensure a hermetic seal. The glass jars were wrapped with aluminium foil and stored in incubators at the respective temperatures. Free volume of the respirometer was determined according to the method described by Mangaraj and Goswami (9) . Respiration rate data were experimentally generated at temperatures of 5, 10, 15, 20, 25 and 30 o C. The range of temperatures was selected based on the storage temperatures used by retailers to store their fresh-cut produce. About 60 g of papaya (5 to 6 cubes in number) were placed within each jar. The headspace gas was sampled at regular intervals (every 24 h) through the silicon septum that sealed the container lid. Gas analysis was continued till aerobic respiration persisted for each sample stored at the respective temperature (9) . Samples stored at higher temperatures showed cessation of aerobic respiration earlier than those at lower temperatures. For modelling convenience the data beyond aerobic respiration were considered as unchanged. Experimental data modelling and model parameter estimation Calculation of experimental respiration rates of O 2 and CO 2 was carried out by taking into account the O 2 and CO 2 gas concentrations over time. The changes in the concentration of O 2 and CO 2 gases over time were used in the calculation of respiration rates at specified storage temperatures using closed system equations as follows (15):
where, =respiration rate, mL[O 2 ]/kg·h, =respiration rate, mL[CO 2 ]/kg·h, =concentration (volume fraction) of oxygen at initial, decimal, =concentration of carbon dioxide at initial, decimal, =concentration of oxygen at final, decimal, =concentration of carbon dioxide at final, decimal, V =free volume of the respiration chamber, m 3 and M is the mass of fresh cut fruit in kg. The calculated respiration rates were then used in the next step to estimate model parameters. In this study, nonexponential equations similar to Peleg's model that was proposed for moisture sorption curves was employed (16) . The applicability of Peleg's equations have been previously demonstrated for several fruits, namely bananas (8), apples (17) and mangoes (18) . The non-exponential equations used were as follows:
where, =Concentration of oxygen at a known time, decimal, =Initial concentration of oxygen, decimal, t =Storage period, h,
The equations above were then modified into:
Equation 5 offers a simple way to test the applicability of the model for respiration rate data. This modified equation was fitted to the curvilinear gas concentration curve over time (19) , and beyond this region [Gt-Go] it is approximately constant with K 1 as the ordinate-intercept and K 2 , the gradient of the line (20) . The estimated parameters are the values of K 1 and K 2 obtained from a linear regression analysis using GraphPad Prism5.0 software. The values of K 1 and K 2 were then inserted to the first derivative of Eq. 3 and 4 respectively with respect to time. The first derivative of the function with respect to time gives the respiration rate as follows (21) .
Lastly, the values from Eq. 6 and 7 were multiplied with their respective free volume over the fruit weight in order to derive the following equations to estimate predicted respiration rates in terms of O 2 consumption and CO 2 evolution, respectively (8, 16, 17) .
So far modelling of respiration rate data of fresh-cut produces was carried out using the Michaelis-Menten equations (Eq. 10-13) based on enzyme kinetics with uncompetitive type of inhibition, wherein CO 2 reacts with the enzyme substrate complex (7, 22) . The parameters V m , K m and K i were estimated by using the linear form of the equations and analyzing experimental data by multiple linear regressions using Statgraphics Centurian XVI.
The linear forms of the above equations are as follows:
where, V mo and V mc are maximum respiration rate for O 2 consumption and CO 2 evolution, respectively, mL/kg·h; K mo and K mc are inhibition constant for O 2 consumption and CO 2 evolution, respectively, % CO 2 ; K io and K ic are Michaelis-Menten constant for O 2 consumption and CO 2 evolution, % CO 2 respectively, % O 2 .
The fitting of experimental data to Michaelis-Menten model was compared to that of Peleg's model to support the appropriateness of using Peleg's equation for modelling of respiration of fresh-cut papaya.
The temperature dependency of both model parameters was analyzed using Arrhenius-type equations in its linear form:
where, Ea is activation energy (kJ/g·mol), R is ideal gas constant (8.314 kJ/mol·K) T abs is absolute temperature (K), and K 0 respiration pre-exponential constant factor.
Statistical analysis
The estimation of the model parameters namely K 1 and K 2 , were obtained by linear regression analysis using GraphPad Prism 5.0 software. K 1 is the intercept on the y-axis and K 2 is the slope of the curve. The goodness of fit obtained by calculating the mean relative percentage deviation modulus as given in Eq.16 was used to assess the accuracy of parameter estimation (23) . (16) where: R exp =experimental respiration rate, mL/kg·h R pre =predicted respiration rate, mL/kg·h N=Number of respiration data point
Results and Discussion
Changes in gas concentration The actual gas composition in terms of O 2 and CO 2 concentrations of fresh cut papaya at 3/4 ripeness stage at the different storage temperatures are presented in Fig. 1 consumption by about 13% and increased CO 2 production by about 11.31% over the entire storage period. Oxygen availability is a prerequisite for metabolic activity in a commodity or more specifically for respiration rate, and higher the respiration rate lower the shelf life (24) . Apparently the gas concentrations changed rapidly beyond the storage temperature of 20 o C (Fig. 1) .
Respiration rate
The relationship between respiration rate and storage temperatures are presented in Fig. 2 . The concentration of O 2 and CO 2 gases were employed in the calculation of respiration rates at specified storage temperatures using the closed system Eq. 1 and 2. There is a significant trend that was evident from these two figures. The respiration rate in terms of O 2 and CO 2 concentrations was found to decrease with increasing storage time, and this trend was quite rapid at higher temperatures. However, at 30 o C the respiration rate was suddenly increased after 4 days of storage. This might be due to the initiation of anaerobic respiration at higher temperatures. The sudden increase in respiratory quotients is an indication of fermentation threshold and it is accelerated at elevated temperature (25) . The temperature effect at a specific storage time showed a higher respiration rate at higher temperature. At temperatures below 20 o C, the variation in respiration rate at a specific storage time was very close.
At 5 o C for example, the initial respiration rate recorded was about 0.1030 and 0.0687 mL/kg·h for O 2 consumption and CO 2 evolution, respectively. Comparatively, the initial estimated respiration rates at 30 o C were 8.2466 and 2.6759 mL/kg·h for O 2 consumption and CO 2 evolution, respectively. This trend was because temperature has been identified as the most important external factor influencing respiration, and biological reactions generally increase two to threefold for every 10 o C rise in temperature within this range of temperatures (26) . With time the respiration rate will be inhibited when the concentration of oxygen becomes limited (Fig. 2B) . The respiration rate in term of CO 2 concentration dropped substantially at 30 o C from 1.8277 to 0.3932 mL[CO 2 ]/kg·h. This is because the respiration rate slows down with decreasing available O 2 as a consequence of reduction of overall metabolic activity (27) .
Model parameter estimation The modified Peleg's equation (Eq. 5), which is curvilinear in terms of gas concentration over time, was used to model the calculated respiration rates. The inverse of the change in gas concentrations with storage time were plotted and the model parameters K 1 and K 2 were estimated using linear regression analysis. Value of K 1 was estimated from the slope of the curve, while K 2 is the intercept on the y-axis. The values of K 1 , K 2 , and the coefficient of determination (R 2 ) are presented in Table 1 . The coefficient of determination was found to be very high (R 2 >0.99) indicating a good fit of the experimental data to Peleg's model at the examined temperatures.
The relationship between storage temperature and model parameters in terms of O 2 indicated that the model parameters were temperature dependent, and as the temperature increased the K 1 and K 2 values decreased. In other words K 1 and K 2 were inversely proportional to the storage temperature. For instant at storage temperature of 5 o C, the values of K 1 and K 2 in terms of O 2 concentration were 224 and 29,538, respectively. Comparatively, at 30 o C the values of K 1 and K 2 were 3.97 and 326.4, respectively. Among the two parameters, K 2 was more influenced by temperature than K 1 . According to Peleg's model, 'K 1 ' is the rate constant and it physically relates to the consumption and evolution of gases from the very beginning, whereas 'K 2 ' is the capacity constant of the model and it implies the respective gas content attainable by the system up to infinity. The values of 'K 1 ' and 'K 2 ' obtained in this study were found to be higher than that reported by Bande et al. (8) for intact bananas and by Mahajan and Guswami (17) for intact apples. The differences are due to the type and physical changes of samples like intact and fresh cut.
The relationship between storage temperature and model parameters in terms of CO 2 concentration exhibited a similar trend as that of O 2 concentration. The model parameters in terms of CO 2 concentration were also temperature dependent i.e., K 1 and K 2 values decreased with increasing temperature. For instance, at the storage temperature of 5°C the values of K 1 and K 2 in terms of CO 2 concentration was 107 and 15663, respectively; whereas at 30 o C the values of K 1 and K 2 were 3.97 and 326.4, respectively. The values of regression coefficients in terms of CO 2 were also higher than those reported by other researchers.
As illustrated in Fig. 3 and 4 , most of the predicted values were lower than that of the experimental data. With prolonged storage however the predicted values became higher than that of experimental values with a few exceptions. According to Peleg (16) , the model enables prediction of moisture contents after long exposures based on experimental data obtained in a relatively short time, i.e. well before the moisture level appeared to reach a plateau. A similar behaviour was observed in the case of using the Peleg's model for predicting respiration data.
Respiration data of fresh cut papaya was modelled with Michaelis-Menten equation in its linear form (Eq. 12 and 13) and model parameters were estimated by analyzing experimental data using multiple linear regression and estimated parameters for different temperature has been presented in Table 2 . As shown in Table 2 , maximum respiration rate (V m ) and Michaelis-Menten constant (K m ) were increased with increasing temperature, whereas inhibition constant (K i ) was decreased with increasing temperature. Concerning the regression coefficients or determination of coefficients (R 2 ), all values are quite low compared to that of Peleg's model for respective temperature. In this aspect, Peleg's model shows better fitness to the experimental respiration data of fresh-cut papaya compared to that of Michaelis-Menten model. The activation energy for Peleg's and Michaelis-Menten model parameters were calculated using Arrhenius equation (Eq. 14 and 15) to assess temperature dependency of these models and the results are shown in Table 3 . It is evident that Peleg's model parameters fitted to the Arrhenius model better than that of Michaelis-Menten model. Arrhenius plot for model parameters of Michaelis-Menten model parameters appeared to show two regions since enzyme may affect differently at different temperature. Hence, fitting experimental data to this model resulted in low R 2 value. The maximum respiration rate (V m ) showed the highest temperature dependency as its activation energy is the highest. Figures 3 and 4 from (A) to (F) represent the difference between experimental and predicted respiration rates in terms of O 2 and CO 2 concentrations respectively at the different storage temperatures other than temperatures used to generate data. The experimental curve was obtained by calculating respiration rates using Eq. 1 and 2, while the predicted curve was obtained using Eq. 8 and 9.
Model validation
The goodness of fit was obtained by calculating the mean relative percentage deviations using Eq. 16. The calculated values of mean relative percentage deviation at different storage temperatures were then tabulated in terms of O 2 (E O 2 ) and CO 2 (E CO 2 ) concentrations (Table 4) .
All the values of mean relative deviation modulus (E) for O 2 and CO 2 concentrations suggested that the respiration rates predicted by the regression model were in good agreement with the experimental respiration rates data for the different storage periods as the E values were less than 10% (Table 3) . Boquet et al. (28) , had also suggested that E (%) values below 10% indicated a very good fit for practical purposes.
In conclusion, the respiration rates determined by the closed system method were found to vary inversely with storage time, and proportionally with increase in storage temperatures ranging from 5 to 30 o C for fresh cut papaya for up to 17.02%. This study also showed that the respiration data generated by the closed system can be used to model the respiration rates. The respiration rate predicted by the Peleg model was found to be in good agreement with those obtained experimentally. Hence, these data can be used for designing sealed packages for fresh-cut papaya and avoid anaerobic fermentation. However, integration of Arrhenius equation along with Peleg's model might better describe the temperature effects on respiration rates.
